Maintaining cellular Na + /K + homeostasis is pivotal for plant survival in saline environments. However, knowledge about the molecular regulatory mechanisms of Na + /K + homeostasis in plants under salt stress is largely lacking. In this report, the Arabidopsis double mutants atrbohD1/F1 and atrbohD2/F2, in which the AtrbohD and AtrbohF genes are disrupted and generation of reactive oxygen species (ROS) is pronouncedly inhibited, were found to be much more sensitive to NaCl treatments than wild-type (WT) and the single null mutant atrbohD1 and atrbohF1 plants. Furthermore, the two double mutant seedlings had significantly higher Na + contents, lower K + contents, and resultant greater Na + /K + ratios than the WT, atrbohD1, and atrbohF1 under salt stress. Exogenous H 2 O 2 can partially reverse the increased effects of NaCl on Na + /K + ratios in the double mutant plants. Pre-treatments with diphenylene iodonium chloride, a widely used inhibitor of NADPH oxidase, clearly enhanced the Na + /K + ratios in WT seedlings under salt stress. Moreover, NaCl-inhibited inward K + currents were arrested, and NaCl-promoted increases in cytosolic Ca 2+ and plasma membrane Ca 2+ influx currents were markedly attenuated in atrbohD1/F1 plants. No significant differences in the sensitivity to osmotic or oxidative stress among the WT, atrbohD1, atrbohF1, atrbohD1/ F1, and atrbohD2/F2 were observed. Taken together, these results strongly suggest that ROS produced by both AtrbohD and AtrbohF function as signal molecules to regulate Na + /K + homeostasis, thus improving the salt tolerance of Arabidopsis.
Introduction
Reactive oxygen species (ROS) such as the superoxide radical (O 2 Á -) and hydrogen peroxide (H 2 O 2 ) are harmful byproducts in plants (Apel and Hirt, 2004) . However, they play essential roles as signalling molecules in regulating multiple biological processes including programmed cell death (PCD), stomatal movement, photosynthesis, hormone signal transduction, and plant growth and development (Zhang et al., 2001; Apel and Hirt, 2004; Laloi et al., 2004; Mori and Schroeder, 2004; Davletova et al., 2005) . ROS are also involved in plant responses to various biotic and abiotic stresses, for example disease infection, drought, salt, and heat stresses (Bolwell, 1999; Miller et al., 2008; Jaspers and Kangasjärvi, 2010) . It has been documented that ROS are produced through both enzymic and non-enzymic reactions in plants (Apel and Hirt, 2004) . Plasma membrane (PM) NADPH oxidase is considered to be an important producer of ROS (Sagi and Fluhr, 2006) . The oxidase transfers electrons from cytoplasmic NAD(P)H to O 2 to form O 2 Á -, followed by dismutation of O 2 Á -to H 2 O 2 . Much evidence has indicated that PM NADPH oxidase plays crucial roles in pathogen defence, tip growth, and plant adaptative responses to diverse environmental stimuli (Torres et al., 2002;  ª The Author [2011] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com Foreman et al., 2003; Kwak et al., 2003; Potocký et al., 2007; Chung et al., 2008) .
In Arabidopsis, 10 genes (AtrbohA-AtrbohJ ) encoding NADPH oxidase have been found (Sagi and Fluhr, 2006) . AtrbohC was reported to regulate root hair growth and cellular integrity (Foreman et al., 2003; Macpherson et al., 2008) . Both AtrbohD and AtrbohF are implicated in pathogen defence response and abscisic acid (ABA)-induced stomatal closure (Torres et al., 2002; Kwak et al., 2003) . Moreover, AtrbohD has been demonstrated to function in ROS signal amplification under light stress and to mediate rapid systemic signalling triggered by multiple abiotic stresses (Davletova et al., 2005; Miller et al., 2009) . AtrbohF is involved in ethylene and exogenous ATP-stimulated stomatal closure (Desikan et al., 2006; Song et al., 2006) . Salinity is one of the key environmental factors that significantly inhibit plant growth and decrease crop productivity worldwide (Munns and Tester, 2008) . It imposes ionic toxicity, osmotic stress, and oxidative stress on plant cells (Zhu, 2003 (Zhu, , 2007 . Under salt stress, sodium ions (Na + ) excessively accumulate in plants, which competitively inhibits potassium ion (K + ) uptake, resulting in a deficiency of K + in the cytoplasm. Because sufficient K + is critical for the activities of many enzymes and cellular osmotic adjustment, the lack of K + causes metabolic disorder in plants (Zhu, 2003) . It has been shown that K + is transported across the PM into or out of roots through potassium channels or transporters in plants (Shabala and Cuin, 2007) . The inward-rectifying K + channels (KIRs) mediate potassium uptake and the outward-rectifying K + channels (KORs) mediate potassium release (Horie et al., 2009) . In addition, non-selective cation channels (NSCCs), the major system for Na + entry, are also involved in K + efflux Shabala et al., 2006) . These channels play important roles in salt resistance in plants (Shabala and Cuin, 2007) .
Recently, increasing evidence suggests that it is not the absolute quantity of cytosolic Na + and K + , but the Na + /K + homeostasis (Na + /K + ratio) that determines a plant's ability to survive in saline environments (Shabala and Cuin, 2007) . Therefore, Na + /K + homeostasis is tightly controlled in plants under salinity conditions. Ca 2+ is reported to modulate Na + /K + homeostasis by decreasing Na + contents and enhancing K + contents in plant cells (Qiu et al., 2002; Zhao et al., 2007; Mahajan et al., 2008; Sun et al., 2009) . Ca 2+ inhibits NSCCs, restrains Na + influx, and ameliorates NaCl-induced K + loss through NSCCs and KORs in plants under salt stress Shabala et al., 2006) .
ROS are also involved in the regulation of Na + /K + balance Sun et al., 2010) . Zhang et al. (2007) reported that H 2 O 2 reduces the Na + /K + ratio and further induces salt resistance in the calluses from Populus euphratica under saline stress. Sun et al. (2010) (Mori and Schroeder, 2004) . Thus, ROS may regulate Na + /K + homeostasis through elevating cytosolic Ca 2+ levels in plants. NADPH oxidase has been shown to play a part in plant acclimation to salt stress. Yang et al. (2007) found that a high concentration of Na + induces NADPH oxidase-dependent ROS generation, which elevates calcium levels in roots of wheat. Leshem et al. (2007) 
Materials and methods

Plant materials
The seeds of Arabidopsis NADPH oxidase gene single mutant lines SALK_120299 and SALK_034674 and of the homozygous transposon insertion double mutant line CS9558 were obtained from the Arabidopsis Biological Resource Center (ABRC). These lines are named atrbohD1, atrbohF1, and atrbohD2/F2, respectively The Arabidopsis wild-type (WT, Col-0) and mutant seeds above were surface sterilized with 0.1% HgCl 2 for 5 min, washed with sterile distilled water five times, and sown on solid MurashigeSkoog (MS) medium, which was supplemented with 3% (w/v) sucrose. After 2 d of stratification at 4°C, the seeds were germinated and the seedlings were grown in a growth chamber (day/night temperature cycle of 21°C/18°C, light intensity of ; 100 lmol m À2 s
À1
, 16 h light/8 h dark, and ;70% relative humidity).
Quantitative real-time PCR analysis Total RNA was extracted from 10-day-old Arabidopsis WT seedlings which were treated with 200 mM NaCl for 0, 6, 12, or 24 h prior to RNA extraction by applying TRIzol Ò reagent (Invitrogen, http://www.invitrogen.com). The cDNA was synthesized from the RNA with oligo(dT) 18 as a primer and Moloney murine leukaemia virus (M-MLV) reverse transcriptase (Promega, http://www.promega.com/). Quantitative real-time PCR experiments were performed using gene-specific primers, SYBR Premix Ex Taqä reagent (Takara, http://www.takara-bio.eu/), and an MX3005P real-time PCR system (Stratagene, Santa Clara, CA, USA). Actin2 was used as an internal control to determine the cDNA quality and quantity. The gene-specific primers are as follows: Actin2 forward primer (FP), 5#-ATTACCCGATGGGCAAGTCA-3#; Actin2 reverse primer (RP), 5#-CACAAACGAGGGCTG-GAACA-3#; AtrbohD FP, 5#-GGATTCAAATACAAAAGTG-GACAG-3#; AtrbohD RP, 5#-GGATATGTACGCTCAGGTAAT CG-3#; AtrbohF FP, 5#-ACATTGTCTCTGGCACTAGGGT-3#; and AtrbohF RP, 5#-TACTCCGCAATAAAACACTCCTA-3#.
Phenotype analysis
Seedlings of nearly the same size of the WT and mutants (4 d after germination) grown on vertical MS agar plates were selected to transfer onto MS medium containing NaCl (0, 50, 100, or 150 mM) or mannitol (0, 150, or 200 mM) . All the seedlings grew vertically in the growth chamber. After 14 d, the fresh weight of seedling leaves was measured, and the contents of chlorophyll a and b of leaves were determined according to the method of Chai et al. (2005) . Photographs were taken from one representative experiment.
Survival rate assays
Three-week-old Arabidopsis plants (WT and mutants) grown in soil were watered with 300 mM NaCl every 2 d for the next 2 weeks. The survival rates were calculated according to the bleaching of leaves on day 14.
Determination of H 2 O 2 content
The WT and mutant seedlings (4 d after germination) grown on vertical MS agar plates were transferred onto MS medium containing NaCl (0, 50, 100, or 150 mM) for another 2 weeks. The seedlings were used to measure H 2 O 2 content by the peroxidase (POD)-coupled assay method described by VeljovicJovanovic et al. (2002) . The reaction solution contained 0.1 M phosphate buffer (pH 6.5), 3.3 mM 3-(dimethylamino) benzoic acid, 0.07 mM 3-methyl-2-benzothiazoline hydrazone, and 0.3 U of POD. The reaction was initiated by addition of 200 ll of sample. The change of absorbance at 590 nm was measured at 25°C. For each assay, the H 2 O 2 content was quantified by reference to an internal standard.
Histochemical localization of leaf H 2 O 2
Leaves from Arabidopsis seedlings grown in NaCl-containing MS medium for 14 d were stained by 3, 5-diaminobenzidine (DAB; Sigma) according to the method described by Thordal-Christensen et al. (1997) .
Confocal microscopy H 2 O 2 generation in roots was assayed with 2,7-dichlorodihydrofluorescein diacetate (H 2 DCF; Molecular Probes) after Shin et al. (2005) . Roots from 5-day-old seedlings were incubated with liquid MS medium for 2 h, treated with 100 mM NaCl for 1 h, then loaded with 30 lM H 2 DCF for 20 min. After washing with the medium solution three times, the roots were imaged with confocal microscopy (excitation 488 nm, emission 500-550 nm; Olympus FV 1000). Average fluorescence intensities of control roots are set as 100%. The fluorescence intensities of other roots are calculated as a percentage of the control. Data are presented as the mean of 10 roots of three independent experiments.
Determination of Na + and K + contents
The WT and various mutant seedlings (4 d after germination) grown on solid MS medium were transferred onto NaCl-containing MS medium for another 14 d. The whole seedlings were applied to determine the contents of Na + and K + by using an inductively coupled plasma-atomic emission spectrometer (ICP-OES, Perkin-Elmer Optima 2100DV). The seedlings were rinsed with deionized water three times, killed at 110°C for 10 min, dried at 70°C for 48 h, and incinerated at 550°C for 6 h. An aliquot of sample ash was dissolved in 0.5 M HCl solution. Concentrations of Na + and K + in the solution were measured.
glucose/glucose oxidese (G/GO) or diphenylene iodonium (DPI) treatments For G/GO (H 2 O 2 generator) treatments, the WT and the mutant seedlings vertically grown in MS solid medium for 3 weeks were used. The seedlings were incubated with G (0.5 mM)/GO (0.5 U ml À1 ) in the presence or absence of 150 mM NaCl for 5 h (the H 2 O 2 level reached the highest value at this time point; data not shown) . The seedlings were then collected, washed with deionized water, and used for measurement of the contents of Na + and K + . For DPI treatments, 3-week-old Arabidopsis WT seedlings grown in MS solid medium were pretreated with 30 lM DPI for 1 h, then exposed to the solution supplemented with NaCl (0, 50, 100, or 150 mM) for 48 h. These seedlings were collected, washed with deionized water, and used for determination of the contents of Na + and K + .
Patch-clamp analyses
Arabidopsis root cortical cell protoplasts were isolated as described by . Recordings of the whole-cell inward K + and Ca 2+ currents of the protoplasts were performed according to and Foreman et al. (2003) , respectively. For K + current measurements, the pipette solution contained 100 mM potassium glutamate, 2 mM MgCl 2 , 2 mM EGTA, 1 mM Mg-ATP, 10 mM HEPES, pH 7.2, with osmolality at 380 mOsmol kg À1 (adjusted with D-sorbitol); and the bath solution contained 10 mM potassium glutamate, 2 mM MgCl 2 , 1 mM CaCl 2 , 5 mM MES, pH 5.5, with osmolarity at 360 mOsmol kg À1 (adjusted with D-sorbitol). For calcium current measurements, the pipette solution contained 10 mM BaCl 2 , 0.1 mM dithiothreitol (DTT), 4 mM EGTA, 10 mM HEPES, pH 7.2, with osmolarity at 380 mOsmol kg À1 (adjusted with Dsorbitol); and the bath solution contained 100 mM CaCl 2 , 0.1 mM DTT, 10 mM MES, pH 5.5, with osmolarity at 360 mOsmol kg À1 (adjusted with D-sorbitol). The currents were recorded with an EPC-9 amplifier (Heka Instruments, http://www.heka.com/ ) as described by Miao et al. (2006) . After formation of the wholecell configuration, the K + and Ca 2+ currents were recorded 15 min prior to and after treatments with 50 mM sodium glutamate or 50 mM NaCl. Whole-cell data were low-pass filtered with a cut-off frequency of 2.9 kHz and analysed with the software PLUSE and PLUSEFIT (version 8.3).
Generation of mutant plants expressing intracellular Aequorin
WT plants that expressed intracellular Aequorin (Aq) (Bai et al., 2009) were crossed with atrbohD1, atrbohF1, and atrbohD1/F1 plants. Their F 2 progeny populations were used to identify various null mutant plants expressing Aq by using PCR and RT-PCR methods, followed by measuring the Aq-emitted luminescence (Bai et al., 2009) .
Ca
2+ measurements of the seedlings by Aq bioluminescence Ca 2+ measurements of WT and the mutant seedlings by Aq luminescence were carried out according to the method of Bai et al. (2009) . Seven-day-old seedlings were incubated in distilled water containing 2.5 lM coelenterazine (Promega) overnight in the dark at room temperature. A seedling was put into a cuvette with 100 ll of distilled water for 1-2 h in the dark, and then the cuvette was placed inside a TD20/20n digital luminometer (Turner Biosystems, http://www.turnerbiosystems.com/). Luminescence was recorded every 0.2 s. After 20 s counting, 50, 100, or 150 mM NaCl reagents were added into the cuvette and the luminescence was measured. At the end of each experiment, the remaining Aq was discharged by addition of an equal volume of 2 M CaCl 2 and 20% ethanol. Luminescence values were converted to the calcium concentrations. Ten seedlings were used in each experiment.
Statistical analysis
All experiments were repeated at least three times. Data are presented as mean 6SD. Differences in various parameters among AtrbohD and AtrbohF regulate Na + /K + homeostasis | 307 the mutant and WT plants were compared using Student's t-test. A P-value of <0.05 was considered statistically significant.
Results
Both AtrbohD and AtrbohF are up-regulated by NaCl
To investigate the roles of AtrbohD and AtrbohF in plant responses to salt stress, the expression patterns of AtrbohD and AtrbohF in WT plants under salt stress were explored using quantitative real-time PCR methods. As shown in Fig. 1 , treatments with NaCl clearly increased the expression of AtrbohD and AtrbohF at 6, 12, and 24 h. The expression level of AtrbohD was the highest at 12 h, >6 times that of the control. The number of AtrbohF transcripts reached the maximal value at 6 h, ;3 times that of the control (Fig. 1) . These data indicate that NaCl treatments pronouncedly elevate the expression of AtrbohD and AtrbohF in Arabidopsis.
Characterization of null mutants atrbohD1, atrbohF1, and atrbohD1/F1
Two Arabidopsis NADPH oxidase gene mutant lines atrbohD1 (SALK_120299) and atrbohF1 (SALK_034674) were obtained from the SALK collection. The T-DNA insertion sites of the two lines are located in the seventh exon of the AtrbohD gene and the third exon of the AtrbohF gene, respectively ( Fig. 2A) . The homozygous lines of atrbohD1 and atrbohF1 were identified by PCR. The null double mutant atrbohD1/F1 was generated by crossing atrbohD1 with atrbohF1, followed by screening their F 2 progeny population for homozygosity at both loci by PCR. RT-PCR results revealed that the transcripts of AtrbohD in atrbohD1 and atrbohD1/F1 and of AtrbohF in atrbohF1 and atrbohD1/ F1 were eliminated (Fig. 2B ). In addition, another homozygous mutant line atrbohD2/F2 (CS9558) of the two genes was obtained from the ABRC.
Both atrbohD1/F1 and atrbohD2/F2 are sensitive to salt stress
Having established that AtrbohD and AtrbohF were upregulated by NaCl (Fig. 1) , it was therefore examined whether their mutants differ from the WT in terms of tolerance to salt stress. The phenotypes of atrbohD1, atrbohF1, atrbohD1/F1, and atrbohD2/F2 seedlings under salt stress were analysed. Figure 3A showed that all the seedlings of the WT and mutants grew well in MS medium, with atrbohD1/F1 and atrbohD2/F2 having more lateral roots than other plants. In contrast, growth of the seedlings was apparently suppressed in MS medium supplied with 50, 100, or 150 mM NaCl. It is noteworthy that the double mutants exhibited more serious growth inhibition, having brown, chlorotic, and smaller leaves than the WT, atrbohD1, and atrbohF1. The fresh weight and chlorophyll b content of leaves from atrbohD1/F1 and atrbohD2/F2 were significantly lower than those from the WT and the two single mutants in NaCl-containing MS medium (Fig. 3B,  D) . In the presence of 50 mM NaCl, the leaf fresh weight of atrbohD1/F1 and atrbohD2/F2 was ;34% and 39% lower than that of the WT, and their chlorophyll b levels were ;29% and 23% smaller than those of the WT, respectively (Fig. 3B, D) . The chlorophyll a contents of the two double mutants were also lower than that of the WT (Fig. 3C) . Moreover, the inhibitory effects of NaCl on growth of the double mutants were dose dependent. In contrast, the single mutants atrbohD1 or atrbohF1 alone had similar growth performance to the WT under salt stress (Fig. 3A, B, D) . The responses of atrbohD1/F1 and atrbohD2/F2 plants to NaCl in soil were also explored. As expected, the double mutant plants grew less well, and had significantly smaller size, Expression of AtrbohD and AtrbohF in atrbohD1, atrbohF1, or atrbohD1/F1 seedlings. Actin2 was used as an internal control and was amplified for 22 cycles by PCR. AtrbohD1 and AtrbohF1 were amplified for 28 cycles and 30 cycles, respectively, by PCR. more chlorotic leaves, and a lower survival rate than the WT in NaCl-treated soil (Fig. 3E, F ). There were no significant differences in phenotype and survival rate between the single mutants and WT plants in soil (Fig. 3E, F) . These results suggest that both atrbohD1/F1 and atrbohD2/F2 are sensitive to salt stress.
Osmotic and oxidative stress do not contribute to salt sensitivity of atrbohD1/F1 and atrbohD2/F2 Salt stress has been documented to cause osmotic stress in plants. Therefore, whether osmotic stress contributes to salt sensitivity of atrbohD1/F1 and atrbohD2/F2 was tested. In MS medium containing 150 mM and 200 mM mannitol, atrbohD1/F1 and atrbohD2/F2 had similar phenotypes to the WT, and no brown, chlorotic, and small leaves were observed in the double mutants (Fig. 4A) . Moreover, there was no remarkable difference in reduction of leaf fresh weight between the WT and the double mutants under osmotic stress (Fig. 4B) . These findings imply that osmotic stress does not cause salt susceptibility of atrbohD1/F1 and atrbohD2/F2.
It is known that ROS evoked by saline stress have detrimental effects on plants. Hence, the H 2 O 2 contents in seedlings of the WT and the mutants were monitored. Under normal growth conditions, both atrbohD1/F1 and atrbohD2/F2 seedlings had markedly lower contents of H 2 O 2 , while atrbohD1 and atrbohF1 had slightly lower levels of H 2 O 2 than the WT. Long-term NaCl treatments clearly increased the levels of H 2 O 2 in all these plants. The increased magnitude of H 2 O 2 in atrbohD1/F1 and atrbohD2/ F2 was remarkably lower than that in the WT. For example, treatments of WT seedlings with 50 mM and 100 mM NaCl enhanced the H 2 O 2 contents ;36% and 66%, respectively, while the same treatments only elevated the H 2 O 2 levels of atrbohD1/F1 and atrbohD2/F2 ;10% and 20%, respectively (Fig. 4C) .
To examine further the accumulation of H 2 O 2 in leaves of the WT and the mutants after salt stress, the DAB uptake method was applied. H 2 O 2 generation induced by salt stress in leaves of all plants was found. The H 2 O 2 levels in atrbohD1/F1 and atrbohD2/F2 were apparently lower than that in WT since the leaves of the two mutants were stained lightly (Fig. 4D) .
H 2 O 2 production was also monitored in roots of the WT and various mutants using the H 2 O 2 fluorescence probe H 2 DCF. As expected, 100 mM NaCl treatments stimulated the accumulation of H 2 O 2 in WT roots, but decreased the H 2 O 2 levels in roots of atrbohD1, atrbohF1, and in particular atrbohD1/F1 and atrbohD2/F2 (Fig. 4E) . The relative fluorescence intensities of the WT were >18 times those of atrbohD1/F1 and atrbohD2/F2 after treatment with 100 mM AtrbohD and AtrbohF regulate Na + /K + homeostasis | 309
NaCl for 1 h (Fig. 4F ). These data clearly suggest that the growth inhibition of atrbohD1/F1 and atrbohD2/F2 by NaCl is not due to oxidative stress and that ROS produced by AtrbohD and AtrbohF as signal molecules participate in the adaptive responses to salinity in Arabidopsis.
Imbalance of Na + /K + homeostasis causes salt sensitivity of atrbohD1/F1 and atrbohD2/F2 Plant salt sensitivity is closely related to high cytosolic Na + concentrations and low K + concentrations, especially high ratios of Na + to K + (Cuin et al., 2003; Shabala and Cuin, 2007) . Accordingly, the effects of NaCl on the above parameters in the WT and the four mutant plants were measured. Under normal growth conditions, these mutants had higher Na + contents and lower K + contents than the WT. There were no pronounced differences in the ratios of Na + to K + among the mutant plants and the WT. Under saline conditions, the Na + contents significantly increased and the K + contents obviously decreased in WT, atrbohD1, atrbohF1, atrbohD1/F1, and atrbohD2/F2 plants (Fig. 5A,   B ). It is noteworthy that the magnitudes of enhanced Na + contents and reduced K + levels in atrbohD1/F1 and atrbohD2/F2 were markedly larger than those in the WT. Consequently, atrbohD1/F1 and atrbohD2/F2 had significantly higher Na + /K + values than the WT (Fig. 5C ). For instance, the Na + /K + ratios in the two double mutants were >2.8 times that in the WT after treatments with 100 mM NaCl. More importantly, the effects of NaCl on changes in Na + /K + ratios in these plants were dose dependent. No significant differences in the ratios of Na + to K + among WT, atrbohD1, and atrbohF1 plants under salt stress were observed (Fig. 5C ). These results suggest that the disruption in Na + /K + homeostasis in atrbohD1/F1 and atrbohD2/F2 seedlings results in the plant salt sensitivity.
ROS generated by AtrbohD and AtrbohF regulate Na (0.5 U ml
À1
) as an H 2 O 2 donor was applied to investigate the effects of H 2 O 2 on the distribution of Na + and K + , and Na + /K + ratios in WT and the mutant seedlings. As shown in Fig. 6A-C , treatments with G/GO decreased the salt-promoted increase in the Na + contents and alleviated the inhibitory effects of salt on the K + contents, thus significantly reducing the Na + /K + ratio of atrbohD1/F1 under salt stress. However, the effects of G/GO on Na To confirm further the results above, an effective NADPH oxidase inhibitor DPI was used to detect its impacts on the distribution of Na + and K + in WT plants. Not surprisingly, DPI treatments significantly increased the Na + contents, decreased the K + contents, and remarkably increased the resultant Na + /K + ratios in WT seedlings under salt stress (Fig. 6D-F) . Together, these results suggest that ROS produced by AtrbohD and AtrbohF are Fig. 6 . Effects of exogenous H 2 O 2 and DPI on changes in Na + contents, K + contents, and Na + to K + ratios under salt stress. Threeweek-old seedlings were incubated with G (0.5 mM)/GO (0.5 U ml À1 ) in the presence or absence of 150 mM NaCl for 5 h. Na + contents (A), K + contents (B), and Na + to K + ratios (C) in the WT and mutant plants were determined. Three-week-old seedlings were treated with different concentration NaCl for 48 h after pre-treatments with 30 lM DPI for 1 h. Na + contents (D), K + contents (E), and Na + /K + ratios (F) in the seedlings were measured. WT and the various mutant plants were exposed to NaCl for 14 d, and the plants were collected for measuring the contents of Na + and K + .
AtrbohD and AtrbohF regulate Na
involved in the modulation of Na + /K + homeostasis in Arabidopsis.
Inhibition of root inward K
+ currents by Na + was intensified in atrbohD1/F1
The above results revealed that the increases in the Na + to K + ratio in atrobhD1/F1 and atrobhD2/F2 after treatments with NaCl were mainly attributed to the decreases in K + contents. To determine if the deficiency of K + in the double mutants under salt stress resulted from the unavailability of K + absorption, K + influx currents of protoplasts from roots of WT and atrbohD1/F1 plants were tested using patchclamp techniques. As shown in Fig. 7A , during the recordings, the membrane potential was clamped at -52 mV, and values were shifted from À190 mV to À10 mV with 20 mV increments to activate the K + current. Under the control condition, a typical time course of inward K + current was recorded from a cortical protoplast of WT roots (Fig. 7B, E) . To examine whether the currents were mediated by KIRs, two KIR inhibitors, Ba 2+ and tetraethylammonium (TEA + ), were applied (Deboer and Raschke, 1994) . When 1 mM Ba was added in the bath solution, the inward K + currents were almost entirely inhibited (Fig. 7C, D) and the whole-cell maximal current density dropped from 120.8618.0 pA/pF to 10.665.3 pA/pF (Fig. 7D) . Likewise, the K + influx currents were suppressed to a great extent after adding 10 mM TEA + to the bath solution, and the maximal current density changed from 129.6617.4 pA/pF to 41.469.7 pA/pF (Fig. 7F, G) . These data hint that the measured K + currents may mainly come from KIRs.
Compared with the WT, atrbohD1/F1 had significantly reduced inward K + currents in root protoplasts in the absence of Na + . The mean maximal K + current of the WT was 1.30310 À10 pA/pF whereas that of the double mutant plants remained at 9.54310 À11 pA/pF (Fig. 8A, C) , indicating that the activities of inward K + currents are arrested in atrbohD1/F1 under normal growth conditions. When 50 mM sodium glutamate was added to the bath solution, the value of K + currents in root protoplasts of the WT was reduced pronouncedly following the establishment of the whole-cell configuration. The K + currents in atrbohD1/F1 plants were also diminished significantly in response to external Na + treatments (Fig. 8B, D) . Remarkably, the magnitude of Na + -elicited decreases in K + current of atrbohD1/F1 (;39% at maximum) was evidently greater than that of the WT (;26% at maximum) (Fig. 8E, F) . These findings suggest that both AtrbohD and AtrbohF are involved in regulating inward K + currents under both normal and salt stress conditions.
NaCl-induced increase in cytosolic Ca
2+ is disrupted in atrbohD1/F1 seedlings Cytosolic Ca 2+ ([Ca 2+ ] cyt ) has been shown to play important roles in ROS signalling and salt tolerance in plants (Zhu, 2003; Mori and Schroeder, 2004; Zhao et al., 2007) . Accordingly, the changes in free [Ca 2+ ] cyt of WT and mutant seedlings under salinity were measured using an Aq bioluminescence-based Ca 2+ imaging method (Bai et al., 2009) . As shown in Fig. 9A , NaCl significantly elevated the [Ca 2+ ] cyt in a dose-dependent manner in the WT. However, the elevation in [Ca 2+ ] cyt was inhibited dramatically in atrbohD1/F1. The mean increased [Ca 2+ ] cyt promoted by 50 mM NaCl in WT plants was ;2-fold of that in atrbohD1/ F1 (Fig. 9B) AtrbohD and AtrbohF regulate Na
plants (Mori and Schroeder, 2004) . To examine whether AtrbohD and AtrbohF were responsible for Na + activation of Ca 2+ influx currents, Na + -induced Ca 2+ influx conductances in the WT and atrbohD1/F1 were monitored by the patchclamp method. Small background currents were found in protoplasts from both the WT and atrbohD1/F1 mutants without Na + treatments. Sodium glutamate (50 mM) or NaCl (50 mM) markedly evoked the influx currents in root cells of both WT and atrbohD1/F1 plants (Fig. 10) . In addition, the increased current amplitudes induced by Na + in the WT were significantly higher than those in atrbohD1/F1. As seen in Fig. 10C and F, the maximal currents in WT protoplasts were elevated >10-and 11-fold, respectively, after treatments with sodium glutamate or NaCl. In contrast, the highest 
Discussion
Salinity is a major environmental stress that disrupts Na + / K + homeostasis in plants (Zhu, 2003; Shabala and Cuin, 2007) . Under salt stress, plants absorb large numbers of Na + ions instead of K + ions, leading to K + starvation. Because of the fundamental roles of K + in maintaining many enzyme activities and osmotic regulation, the ratio of Na + to K + in the cytoplasm usually determines plant salt tolerance (Zhu, 2003; Shabala and Cuin, 2007) . In this study, the mutant seedlings atrbohD1/F1 and atrbohD2/F2 exhibited more inhibited growth phenotypes (Fig. 3) and pronouncedly higher cellular Na + to K + ratios than the WT under salt stress (Fig. 5) . In contrast, both atrbohD1 and atrbohF1 showed similar salt sensitivity to the WT, and the Na + /K + ratios in the two single mutants were marginally higher than those in the WT (Fig. 5) . These findings indicate that both AtrbohD and AtrbohF are involved in the regulation of Na + /K + homeostasis, and that tolerance of Arabidopsis plants to salt stress depends upon the two NADPH oxidase catalytic subunits. Chung et al. (2008) reported that AtrbohC mediates Na + -induced SOS1 mRNA stability, enabling Na + efflux under saline conditions in Arabidopsis. These findings suggest that PM NADPH oxidase may be of more general importance in plant Na + /K + homeostasis regulation and salt signal transduction. It was found that the H 2 O 2 levels in seedlings of atrbohD1/F1 and atrbohD2/F2 were significantly lower than those in the WT, atrbohD1, and atrbohF1 in the presence of NaCl. Furthermore, the NADPH oxidase inhibitor DPI clearly reduced K + contents, and enhanced Na + contents and the resultant Na + /K + ratios in the WT under saline conditions (Fig. 6) Background levels of cellular H 2 O 2 wer found to exist in seedlings of atrbohD1/F1 and atrbohD2/F2 before NaCl treatments, suggesting that other cellular mechanisms also contribute to ROS accumulation in Arabidopsis under salinity conditions. It was also observed that exposure of seedling roots to NaCl for 1 h markedly increased H 2 O 2 synthesis in the WT but reduced H 2 O 2 levels in all the mutants (Fig. 4F ), in agreement with the previous results reported by Leshem et al. (2007) . These findings imply that NaCl can rapidly activate AtrbohD and AtrbohF to produce ROS, which trigger some mechanisms to alleviate the phytotoxic effects of salt stress. AtrbohD has been shown to mediate systemic signalling induced by salt stress (Miller et al., 2009) and to be required for haem oxygenasemediated salt acclimation signalling in Arabidopsis (Xie et al., 2011) , suggesting that AtrbohD is a multifunctional component in response to salt stress. However, results in this study showed that atrbohD1 mutant plants failed to display a salt-sensitive phenotype and had a small increase in their Na + to K + ratios compared with the WT under salt stress (Fig. 5) , implicating that AtrbohD alone may not be enough to change the Na + /K + homeostasis significantly or a functionally redundant mechanism may exist among AtrbohD and other subunits of NADPH oxidase, for example AtrbohF.
Changes in root inward K + currents of atrbohD1/F1 under salt stress were measured because of the decreases in the K + accumulation. It was found that K + influx currents in atrbohD1/F1 were markedly lower than those in the WT in the absence of Na + . Na + treatments further suppressed the currents, and the inhibitory effects of Na + on atrbohD1/ F1 were obviously larger than those on the WT. These results indicate that K + uptake is dependent on both AtrbohD and AtrbohF in Arabidopsis under normal growth and salt stress conditions. The detailed mechanisms by which AtrbohD and AtrbohF regulate inward K + channel activity are not clear. It is presumed that AtrbohD and AtrbohF probably generate ROS in the vicinity of K + channels, and thus directly regulate the K + channel proteins through redox reactions because both NADPH oxidase and K + channel proteins are located in the PM. Alternatively, ROS may modulate K + channels through other signal components. Recently, Demidchik et al. (2010) (Mori and Schroeder, 2004) . Ca 2+ also participates in plant adaptative responses to salt stress (Zhu, 2003) . Under salt stress, the cytosolic Ca 2+ concentration increases, promoting the combination of SOS3 (salt overly sensitive 3, a calcium-binding protein) with SOS2 (a serine/threonine protein kinase). Then, the SOS2-SOS3 complex activates SOS1 by phosphorylation to extrude superfluous Na + out the cells in Arabidopsis (Zhu, 2003) . Ca 2+ also prevents NaCl-promoted K + loss through NSCCs and KORs in plants under salt stress Shabala et al., 2006) . The results in this report showed that the cytosolic free Ca 2+ levels in atrbohD1/F1 were substantially lower than that in the WT after AtrbohD and AtrbohF regulate Na + /K + homeostasis | 315 treatments with NaCl (Fig. 9) . The NaCl-induced enhancement of root Ca 2+ influx currents was markedly suppressed in atrbohD1/F1 (Fig. 10) . These findings suggest that ROS produced by AtrbohD and AtrbohF activate PM Ca 2+ -permeable channels including NSCCs, resulting in the increases of cytoplasmic Ca 2+ levels in Arabidopsis, which mediate the modulation of Na + /K + homeostasis.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . The effects of LaCl 3 on NaCl-activated Ca 2+ influx currents in root cortical cells of WT and atrbohD1/F1 plants.
